It has long been suggested that alcohol or substance use disorders could emerge from the progressive development and dominance of drug habits. Like habits, drug-related behaviors are often triggered by drug-associated cues. Like habits, addictive behaviors are strong, rigid and "hard to break". Like habits, these behaviors are insensitive to their outcome and persist despite negative consequences. "Pathological habit" thus appears as a good candidate to explain the transition to compulsive drug use. However, drug use could also be considered as a goal-directed choice, driven by the expectation of drug outcomes. For example, drug addicts may engage in drugseeking behaviors because they view the drug as more valuable than available alternatives. Substance use disorders therefore may not be all about habit, nor fully intentional, and could be considered as resulting from an imbalance between goal-directed and habitual control. The main objective of this review is to disentangle the relative contribution of habit formation and impairment of goal-directed behavior in this unbalanced control of addictive behaviors. Although deficits in goal-directed behavior have been demonstrated in alcohol and substance use disorders, reliable demonstration of abnormal habit formation has been curtailed by the paucity of paradigms designed to assess habit as a positive result. Refining our animal and human model of habit is therefore required to precisely define the place of habit in substance use disorders and develop appropriate and adapted neurobehavioral treatments.
Introduction
Substance use disorders (SUD) are commonly defined as chronic, relapsing neurobiological diseases characterized by compulsive drug use despite negative consequences. The notion of compulsion has been used to explain (1) the dissonance between an individual's thoughts and actions -the addict wants to stop but continues drug use -and, (2) the puzzling paradox of addictive behaviors -the pursuit of drug use despite knowledge that this behavior has strong negative consequences. To explain compulsive drug use, it has long been suggested that addictive behavior could emerge from the progressive development and dominance of drug habits (Everitt and Robbins, 2005; Pierce and Vanderschuren, 2010; Robbins and Everitt, 1999; Tiffany, 1990) . In contrast to flexible goal-directed behaviors which are performed because they are expected to produce some desirable outcomes, habitual behaviors are characterized by rigid, inflexible and retrospective actions, triggered by associated stimuli, and performed in spite of their immediate consequence (Balleine and Dickinson, 1998; Dickinson et al., 1983; Ostlund and Balleine, 2008) . In the context of SUD, if drugseeking behaviors are habitual, then these behaviors should be insensitive to their associated negative consequences on the addict's life. Therefore, the concept of "pathological" drug-seeking habit allows the resolution of the puzzling paradox of maintained drug use despite negative consequences.
An alternative approach to explain SUD is to consider drug use as an intentional though suboptimal choice (Ahmed, 2010; Heyman, 2010) . In this framework, addictive behavior would arise from a higher estimated value for drug than for alternative rewards. For example, drug addicts may view the cost of abstinence to be higher than its benefits (Pickard and Ahmed, 2015) . This may be particularly true given the uncertainty and delay associated with benefits of abstinence, while drug intake can produce immediate and certain satisfaction or relief from withdrawal symptoms. According to this account, drug use would be a goal-directed choice, driven by the expectation of drug outcomes.
These two approaches of SUD considering drug-related behavior as an intentional choice or as a pathological habit appear to be in direct opposition since drug seeking cannot be concurrently goal-directed and intentional on one side, and habitual, automatic and unconscious on the other. Dual-process theories help us resolve this contradiction by suggesting that drug seeking can be mediated by goal-directed and habitual controllers in parallel, with one system predominantly engaged at any given time depending on several factors. For example, repetition of a given behavior in the same situation through practice or overtraining facilitates the formation of habit (Adams, 1982; Dickinson, 1985; Dickinson et al., 1995; Holland, 2004) . The first cigarette after waking up, or the glass of wine with the dinner are good illustrations of habitual and automatic drug-taking responses, established through repetition and closely linked to contextual and conditioned stimuli (stimulusresponse associations). The goal-directed system remains however available and if one makes the decision to reduce cigarette or wine consumption, an intentional goal-directed control can be exerted over habitual systems to adjust the behavior and comply with one's New Year's resolutions. Non-addicted individuals can do that with varying success and can control their drug intake because there is a balance between goal-directed and habitual systems, and transitions are possible from one system to another. A growing body of research suggests that this balance is disrupted in SUD (Ersche et al., 2016; Robbins, 2016, 2005; Ostlund and Balleine, 2008; Sjoerds et al., 2013; Voon et al., 2015) . Persistence in drug use could then be explained by: 1) abnormal formation of habits, 2) impairment in goal-directed behaviors, with biases toward drug-related goals, 3) deficits in goal-directed control over habits, or a combination of these processes.
The objective of this review is to consider the relative contribution of these three cognitive processes in SUD, with a special emphasis on the concept of habits. Indeed, this concept remains unclear, with multiple definitions used, along with different approaches toward operationalization of the concept in distinct subfields of human and animal psychology. In this review, we first discuss the main definitions of habit and the models classically used to study them. In the second part, we review the literature using these models to consider how drugs of abuse and addictive processes may affect the balance between habitual and goal-directed control to promote compulsive behaviors.
Defining and modeling the concept of habit
Habit has several meanings and definitions. The informal conception of habit is often related to the notion of acting without thinking: it may be a behavioral routine, for example when driving to and from work each day. It may also be related to motor skills: individual actions following in a behavioral sequence without requiring attention or explicit cognitive control. But we also often think about habit after making a mistake, for example, when trying to switch on the light after an electric outage. In this context, habit is considered as the expression of a stimulus-response association. Consider a person who opens the refrigerator every time he or she enters the kitchen. This is not a routine, nor is it a skill. The stimulus of the refrigerator, in the context of the kitchen, triggers the automatic response of opening the refrigerator, even though the person may not be planning to cook or to eat. These examples illustrate the existence of several definitions of habit. Since these variants are often studied in different procedures, it is unclear whether they are correlated and part of one single habit concept or are independent and reflect distinct neural and cognitive processes. In the following section, we will focus on the definition of habit as a stimulus-response association, which has had the most influence on the study of habit in SUD.
Habit as a stimulus-response association
In the field of animal psychology, a goal-directed behavior is considered dependent upon a Response-Outcome (R-O) association, the response being mediated by the expectation of the outcome, whereas a habit instead relies on a Stimulus-Response (S-R) association (Dickinson, 1994 (Dickinson, , 1985 . During habitual learning, the outcome strengthens the S-R association through repeated experience of the R-O contingency in presence of stimuli, but is not directly encoded in the associative structure driving the performance (Adams and Dickinson, 1981) . Since expression of habitual responding is independent of the outcome, one way to discriminate between goal-directed and habitual behavior is to question the reliance on the R-O association. More specifically, goal-directed behavior relies on (1) the knowledge of a causal Fig. 1 . Illustration of behavioral paradigms used to assess whether control of performance is goal-directed or habitual. A. In instrumental tasks, rodents are trained to make an action (i.e. lever press) to obtain a reward. During the test, the instrumental contingency between the response and the outcome can be degraded with non-contingent reward delivery (upper panel). It is also possible to devalue the outcome by giving ad libitum access to the reward to generate sensory-specific satiety, or by pairing reward consumption with lithium chloride injection to generate conditioned taste aversion (lower panel). After contingency degradation or outcome devaluation, performance is assessed under extinction. A reduction in responding demonstrates that performance is goal-directed while persistent responding indicates habitual behavior. B. In some human instrumental tasks, fruit pictures (the stimuli) are presented and signal which associated response (a left or right key press) earns points signaled by a subsequent picture of fruit inside a box (the outcome). If the wrong response is emitted, the box is empty. Some outcomes are then devalued (indicated by a red cross on the fruit picture), and will now lead to a subtraction of points. During the test (right panel), subjects are presented with a rapid succession of stimuli, and are instructed to make the correct response for stimuli signaling still valuable outcomes ("go" trial), while they should refrain from responding for stimuli associated with devalued outcomes ("no go" trial). Adapted from de Wit et al. (2012) . C. In the sequential 2-stage decision task, one choice between 2 options at the first step leads commonly (70%) to a second pair of options but results occasionally (30%) in another set of options. At this second step, the selection of an option is rewarded or not, according to variable and unpredictable probabilities (left panel). Pure model-based agents are more likely to repeat the 1st step choice (i.e. 'stay') following rewarded trials after common transitions, but will switch to the alternative 1st step option after rare transitions (middle panel). In contrast, pure model-free agents will tend to repeat the same 1st step choice after rewarded trials, irrespective of the transition that preceded reward (right panel) (Daw et al., 2011) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) relationship between the response and the outcome, and (2) the current motivational value of that outcome (Balleine and Dickinson, 1998; Dickinson, 1994 Dickinson, , 1989 . Therefore, reducing the contingency between the response and the outcome, or reducing the value of the outcome, should lead to a reduction in goal-directed responding. In contrast, habitual behavior should not be affected by these manipulations.
Reducing the attribution of a causal relationship between the response and the outcome can be achieved with R-O contingency degradation procedures (Balleine and Dickinson, 1998) (Fig. 1A) . In instrumental procedures, rodents can be trained to perform one action (i.e. lever pressing) to obtain a reward, and another action (i.e. chain pulling) to obtain an alternative reward. During the test, one of the outcomes is delivered non-contingently such that its probability of delivery in the session is equally likely if the rats respond appropriately or not. The contingency of this R-O association is thus degraded. The alternative outcome remains contingent upon the corresponding response. When responding is goal-directed, the performance of the degraded response is reduced compared to the non-degraded alternative. If the behavior is habitual, then performance is insensitive to the contingency degradation.
The second way to discriminate between goal-directed and habitual behavior is to devalue the outcome (Adams and Dickinson, 1981; Balleine and Dickinson, 1998; Colwill, 1993; Dickinson, 1994; Rescorla, 1987) (Fig. 1A ). This can be achieved using sensory-specific satiety or conditioned-taste aversion. In sensory-specific satiety, animals are given about 1 h of unlimited access to the training outcome immediately before a test session conducted in extinction (in the absence of reward). During the test, animals that reduce their performance of the response that, in training, had earned the now devalued outcome are goal-directed, because they rely on the representation of the current motivational value of the outcome. The reward can also be devalued by pairing its consumption with a systemic injection of lithium chloride, which creates a gastro-intestinal distress and results in the development of a conditioned taste aversion. While devaluation by specific satiety affects the motivational state of the animal, conditioned taste aversion directly affects the taste perception of the outcome. Both procedures lead to a reduction in performance when that performance is goal-directed.
Numerous experimental conditions including the schedule of reinforcement (Dickinson et al., 1983) , number of R-O associations (Colwill and Rescorla, 1985; Colwill and Triola, 2002; Holland, 2004) , stress (Dias-ferreira et al., 2009) , context (Ostlund et al., 2010; Thrailkill and Bouton, 2015) , length of training (Adams, 1982; Dickinson, 1985; Holland, 2004) and exposure to drugs (Corbit et al., 2014 (Corbit et al., , 2012 Nelson and Killcross, 2006; Nordquist et al., 2007) are known to specifically promote goal-directed or habitual control. Among these factors, the schedule of reinforcement is the most convenient way to bias rodent behavior toward goal-directed or habitual responding; random ratio (RR) schedules of reinforcement have been shown to promote goal-directed behavior while random interval (RI) schedules and overtraining promote the formation of habit (Dickinson et al., 1983) . Dickinson et al. (1983) suggested that this differential effect of RR and RI on the control of instrumental performance is related to differences in contingency between the response rate and the reinforcement rate. After overtraining or under RI schedules, the uncoupling between response rate and reinforcement rate would facilitate habitual learning. More recently, it was proposed instead that uncertainty (determined by the probability of reward delivery) is the main factor driving the formation of habit in RI schedules (Daw et al., 2005; Derusso et al., 2010) . Indeed, training rats under fixed-(and therefore predictable) interval schedule does not promote habit even though the training contingency between response rate and reinforcement rate is low. In contrast, increasing the uncertainty of reward delivery by reducing the probability of reinforcement in random interval schedule does not affect contingency, but decreases temporal contiguity (mean time between lever pressing and reward delivery) and promotes habitual response strategies (Derusso et al., 2010) .
The distinction between RR and RI schedules of reinforcement illustrates the main limit of this habit model; expression of habit in this model is defined as a negative result -an absence of goal-directed behavior. Devaluation tests and degradation contingency procedures only probe the existence and expression of R-O associations. Thus, it makes sense that training procedures like RI schedules, that weaken the R-O association by reducing the contingency or the contiguity between the response and the outcome, lead to an expression of behavior less sensitive to the representation of the outcome, thus qualifying as habit. RI schedules create habits that are artificially promoted by weakening R-O associations, and may not accurately map onto long-term S-R-O experiences that shift from R-O to S-R control of performance with extended training.
Interaction between habitual and goal-directed control
Devaluation procedures have been successfully adapted to human research, using sensory-specific satiety (Hogarth and Chase, 2011; Tricomi et al., 2009; Valentin et al., 2007) or an explicit instruction that a given outcome no longer earns points (de Wit et al., 2009 ). Interestingly, a new outcome devaluation paradigm in which S-R and R-O systems compete for the control of performance, was developed to assess the balance between goal-directed and habitual control in human subjects (de Wit et al., 2012) (Fig. 1B) . In the training phase of the task, participants are presented with pictures (the stimuli) and with repeated practice learn which associated response (a left or right key press) earns points signaled by a subsequent picture (the Outcome). Some outcomes are then devalued (no longer earn points) and the test assesses whether participants can suppress previously-learned responses that no longer yield valuable outcomes, while continuing to respond for still-valuable outcomes. A failure to inhibit prepotent responding for devalued outcomes is considered as "slips of action" and is interpreted as relative reliance on S-R habit over R-O goal-directed control. Using this task, an index can be calculated to measure the relative involvement of habitual versus goal-directed control of action. While this task allows assessment of how S-R habit and R-O goal-directed compete for the control of performance, a second approach emerging from neuro-computational psychology suggests that habit and goal-directed control could operate in parallel.
In this neuro-computational framework, goal-directed and habitual systems have been conceptualized as relying on model-based and model-free control, respectively (Daw et al., 2005; Dolan and Dayan, 2013; Doya et al., 2002) . Model-based control is characterized by computationally-demanding prospective planning in which a decision tree of all the possible consequences of each action is built on the basis of an internal model of the world. Thus, like goal-directed behavior, actions under model-based control are flexible and slower to execute (because all the possible paths have to be analyzed). In contrast, modelfree control is defined as a retrospective decision-making process relying on iterative updating of expectation, based on reward prediction error (Sutton, 1988) . Under model-free control, a given situation, i.e., a "state", or set of stimuli, acquires a cached value (stored scalar value) through repeated experience of the outcome, and comes to elicit a specific response. These cached values depend on the reward history and are thus unrelated to predicted outcomes. Unlike model-based control, model-free control does not require the simulation of future possible outcomes or a representation of logical transitions between states. It is therefore computationally efficient, with a faster execution, but also less flexible. Like habit, an instrumental action under modelfree control has no immediate sensitivity to outcome devaluation because the update of new cached value, resulting from a reduction in outcome utility, can only be acquired iteratively through direct experience (Daw et al., 2005; Dolan and Dayan, 2013) .
One procedure designed to study model-based and model-free control is the sequential 2-stage Markov decision task (Daw et al., 2011; Gläscher et al., 2010) (Fig. 1C) . In the first stage, 2 options are presented (A vs. B): selection of one option (option A) commonly leads to a 2nd choice situation between a specific pair of stimuli (C vs. D; probability 70%). More rarely, this choice in stage 1 leads to a different 2nd choice situation between another pair of stimuli (E vs. F; probability 30%). The probabilities of the 2nd stage set of stimuli are reversed following the choice of the alternative option in stage 1 (option B). The selection of options in the second stage is rewarded or not, according to variable and unpredictable probabilities. Under model-free control, subjects will repeat the actions previously rewarded, irrespective of the likelihood of the first transition. In contrast, subjects using model-based control are proposed to build an internal representation of task structure to inform their choice behavior, thus taking into account the likelihood of transitions. For example, after rewarded choices following rare transitions (ex: A → F → reward), model-based subjects will tend to choose the alternative option at step 1, because they know that it will more likely lead to the presentation of the previously rewarded stimulus during the second step. In this example, they would choose option B because this is more likely to gain access to option F. Such decisionmaking demonstrates an understanding of the causal structure of the task.
Using this model, it was shown that model-based and model-free control are engaged in parallel during the task and that subjects rely on both systems to make decisions (Daw et al., 2011; Otto et al., 2013) . In addition a large inter-individual variability in the degree of dependence on each system was found (Otto et al., 2013) . This task thus allows computing of indexes of model-free and model-based control in individuals that can be then correlated with neural activity of specific brain regions, with particular personality traits, psychiatric symptoms, or with a history of drug dependence, for example. In this approach, model-free control is not defined as an absence of model-based control but can be computed and estimated independently, which constitutes an important advantage for delineating the relative contributions of goal-directed and habitual control. To our knowledge, neither the slips of action task nor the sequential two-stage task have been adapted to rodents or monkeys, which limits its benefits thus far to human correlative studies.
Interestingly, the definition of a model-free system seems to match well with the S-R account of habit (Dezfouli and Balleine, 2012; Dolan and Dayan, 2013; Sutton, 1988) . For instance, in the model-free actorcritic algorithm, action selection involves two interacting components: one learning the prediction of reward value and computing prediction errors (the critic), and another forming a policy to select a given action in a particular state (the actor). The reward prediction error, implemented by phasic dopaminergic signal (Daw and Doya, 2006; Keiflin and Janak, 2015; Schultz et al., 1997) is then used to update (1) the predictive value for each state and (2) the policy in that state. The policy and value signal thus contribute to the formation of a state-action association with an error correction feedback signal to acquire and shape actions. Even though this state-action (or stimulus-response) association is a core component of the model-free system, the dopaminergic prediction error signal has also been implicated in model-based control (Dolan and Dayan, 2013; Gläscher et al., 2010; Sharpe et al., 2017) suggesting that the computations described above may not be specific to the habitual, model-free system.
It was recently suggested that the propagation of dopaminergic prediction error signals in spiraling striatal circuits could constitute the neural basis for a hierarchical decision-making model involving different levels of abstraction, from high-level cognitive plans to low-level motor execution (Keramati and Gutkin, 2013) . In this computational model, an abstract cognitive plan (i.e. desire for a glass of wine) can be broken into a sequence of lower level actions (i.e. reach for bottlereach for glass -pour the wine into the glass … etc.). The dopaminergic prediction error signal early in the spiraling striatal circuits (i.e. nucleus accumbens) would reinforce the abstract motivational level, while its propagation in dorsolateral parts of striatum would reinforce lowerlevel automatic actions (Keiflin and Janak, 2015; Keramati and Gutkin, 2013) . Although this model was implemented with model-free computations (TD model of reinforcement), it is tempting to draw a parallel between higher level cognitive plans and model-based goal-directed decision-making. With the same logic, propagation of the dopaminergic prediction error signal within spiraling striatal circuits would underlie the transition from model-based to model-free control (Keiflin and Janak, 2015) . This hierarchical approach of decision making is closely related to a series of studies suggesting that in real-life situations, every choice is not either goal-directed or habitual but instead, high-level goal-directed choices can be implemented through habitual action sequences, to attain desired goals (Dezfouli et al., 2014; Balleine, 2013, 2012) . More recently, another computational approach suggested an alternative hierarchical organization of human decisionmaking: habitual control is exerted over goal selection, and the goal selected is then attained through planning and deliberation (Cushman and Morris, 2015) . While these two hierarchical models suggest an opposite relationship between habit and goal-directed behavior, they share the common assumption that goal-directed and habit systems are integrated and complementary, rather than competitive.
While the above analysis indicates a need for future experimental work for determining reliable measures to specifically assess the development and expression of S-R habit, the models used to date have proved highly valuable for understanding the neural basis and cognitive processes underlying changes in the control of instrumental performance. Notably, findings from the use of these models point to goaldirected and habitual systems that are engaged in parallel during learning, and are in agreement with the notion that repetition and practice promote habitual responding, while goal-directed control can be exerted over habit in situations requiring deliberation and flexibility. Thus, in normal conditions, there is a balance between goal-directed and habitual system.
Habit and substance use disorders
Several lines of evidence suggest that the balance between habitual and goal-directed control of behavior is disrupted in SUD. Indeed, addictive drugs have been proposed to promote the formation of habit (Everitt and Robbins, 2005) , impair goal-directed control over habit (Baler and Volkow, 2006) , and bias goal-directed choice toward drugrelated activities (Lucantonio et al., 2014) . Although our current models make it difficult to determine whether drugs alter the balance by promoting habit or by impairing goal-directed control, we will review the literature about control of action and SUD with an eye toward disentangling the relative contribution of these two systems in addictive behaviors. More specifically, we will describe how drugs of abuse disrupt the balance between habit and goal-directed behavior, and how these changes can lead to the development of addictive behaviors. Following that, we will see that this imbalance could more specifically result from impairments in the goal-directed system.
Unbalanced goal-directed and habitual control; bias toward habit
Since the seminal work of Dickinson et al. (2002) , it has been repeatedly shown that drugs of abuse can promote the formation of habit, as defined using devaluation and contingency degradation procedures. For example, using devaluation procedures, several studies in rodent suggest that responding for cocaine (Miles et al., 2003) , ethanol (Corbit et al., 2012; Dickinson et al., 2002; Lopez et al., 2014; Mangieri et al., 2012) and nicotine (Clemens et al., 2014; Loughlin et al., 2017) become habitual with extended training or under RI schedule of reinforcement (but see Loughlin et al., 2017 for limited FR1 training). These results have to be interpreted with caution because devaluing a drug can be challenging, particularly when this drug is self-administered intravenously. Some of these studies suffer from unspecific devaluation effect (Dickinson et al., 2002) , lack of devaluation effects (as measured on consumption) (Lopez et al., 2014) , or the use of sucrose substitution procedures (Dickinson et al., 2002; Mangieri et al., 2012; Miles et al., 2003) , which promote the association of the instrumental response with both the drug and the sucrose. However, a more recent ethanol selfadministration study that did not use sucrose substitution, demonstrated a faster reliance on habit system for rats trained with ethanol compared to rats trained with natural reward, with a progressive loss of sensitivity to devaluation across training (Corbit et al., 2012) . Interestingly, chronic ethanol intoxication itself was able to promote habitual responding for sucrose seeking in this study. Facilitation of habit learning with natural reward has also been observed after chronic exposure to cocaine (Corbit et al., 2014; LeBlanc et al., 2013) and amphetamine (Nelson and Killcross, 2006; Nordquist et al., 2007) , presumably through dopaminergic sensitization. Post-training administration of cocaine immediately after instrumental responding for a natural reward was sufficient to induce or accelerate habitual control over performance (Schmitzer-Torbert et al., 2015) . Using contingency degradation procedure, it was also shown that ethanol (Mangieri et al., 2014) and cocaine exposure (Gourley et al., 2013) promote the expression of habit. Finally, early life cocaine exposure in rat can strengthen habit expression during adulthood, presumably by increasing BDNF expression in the medial prefrontal cortex (Hinton et al., 2014) . Acute or chronic intoxication to various drugs of abuse induces critical changes in cortico-striatal loops, notably in the dorsal striatum, that may participate to this shift from goal-directed to habitual drug seeking behavior (Barker et al., 2015; Belin et al., 2009; Corbit and Janak, 2016a; Ron and Barak, 2016) .
These data from animal models have been confirmed in human, in experiments showing that alcohol dependent patients are less sensitive to outcome devaluation (Sjoerds et al., 2013) , and that performance of methamphetamine (Voon et al., 2015) and alcohol (Sebold et al., 2014) dependent subjects is biased toward model-free control in the 2-stage decision task. A recent study replicated these results in cocaine addicted patients in an outcome devaluation paradigm (Ersche et al., 2016) . Interestingly, cocaine addicts were also less efficient in suppressing S-R responding for devalued outcomes in the slips of action task, providing additional evidence for an imbalance between goal-directed and habitual behavior in addicts (Ersche et al., 2016) . Although the formation of new S-R associations in drug addicts is not altered, their ability to overcome familiar S-R associations is disrupted, as indicated by more perseverative responding after a change in contingency (McKim et al., 2016) . By using distinct computations to estimate model-based and model-free components of decision-making in the sequential 2-stage task, Sebold and colleagues' study suggests that the imbalance between goal-directed and habitual control in alcoholic patients results from impaired goal-directed (model-based) function, rather than promotion of habitual (model-free) responding (Sebold et al., 2014) .
Interestingly, the shift from goal-directed behavior to habit induced by drugs of abuse does not require high exposure or extended drug selfadministration. Indeed, moderate doses or limited exposure are sometimes sufficient to promote habitual responding (Gourley et al., 2013; Loughlin et al., 2017; Schmitzer-Torbert et al., 2015) . Moreover, druginduced habits are not specific to drug-seeking behaviors, but also apply to natural or monetary rewards (Corbit et al., 2014 (Corbit et al., , 2012 Nelson and Killcross, 2006; Nordquist et al., 2007; Sebold et al., 2014; Voon et al., 2015) . If drug-induced habits do not require heavy drug use and are not specific to drug-related behaviors, how could it lead to compulsive drug seeking specifically? One line of thought is to consider that behavior becomes in general more rigid. Drug addicts become more prone to develop routines, or S-R associations and this tendency interacts with every day choices in real-life situations. Repeated exposure to drugassociated contexts (places in which the drug is consumed, social circle) or drug-associated stimuli in addicts may facilitate habitual behavior in response to these drug contexts and conditioned stimuli (CS), more specifically.
A number of studies highlight the significant role of drug CS and contexts in the maintenance and persistence of drug seeking behavior (Berridge and Robinson, 2016; Caggiula et al., 2001; Corbit and Janak, 2016a; Crombag et al., 2008; Jentsch and Taylor, 1999; Robinson and Berridge, 1993) . Nicotine for example, can magnify the incentive salience and reinforcing properties of drug CS (Caggiula et al., 2001; Chaudhri et al., 2006; Chiamulera, 2005) . In absence of nicotine, these stimuli can sustain instrumental responding in rats (Donny et al., 2003; Palmatier et al., 2006) , and elicit satisfaction or reduce subjective craving in human smokers (Brauer et al., 2001) . It was shown that contextual cues are involved in the associative structure of the habit system, and can account for residual responding after devaluation of the reinforcer (Thrailkill and Bouton, 2015) . It is therefore noteworthy that exposure to an alcohol-paired context during the devaluation test was sufficient to bias rats' behavior to the expression of habit (Ostlund et al., 2010) . Drug CSs are sometimes reported to be stronger than natural reward CSs (Kearns et al., 2011) ; for example, a single experience of pairing a cue with cocaine self-administration is sufficient to elicit cocaine seeking up to 9 month after extinction and forced abstinence, an effect not observed with sucrose self-administration (Ciccocioppo et al., 2004) . It was also shown that the influence of drug CS on drug-seeking behavior grows over time, a phenomenon called "incubation of craving" (Grimm et al., 2001 ). This incubation of craving is stronger and more persistent for drugs (peak of CS-elicited drug seeking after up to 3 months of abstinence) compared to natural rewards (peak of sucrose seeking after 1 month of abstinence) (Lu et al., 2004) . Finally, Pavlovian to instrumental transfer (PIT) has been demonstrated with ethanol self-administration (Corbit and Janak, 2007) , and it was recently shown that the strength of this effect increases over extended ethanol self-administration (Corbit and Janak, 2016b) . These results suggest that instrumental performance becomes more sensitive to Pavlovian influence after extended drug use (Corbit and Janak, 2016a) . It is therefore possible that the overreliance on the habit system in SUD combined with stronger sensitivity to the influence of drug CSs, may bias habitual behavior toward drug seeking behavior and away from alternative activities.
But drug CSs can also elicit craving for drug through the conscious representation of the outcome including the satisfaction produced by the drug or the alleviation of withdrawal symptoms. Behavior is then goal-directed. This goal-directed choice could however trigger an automatic sequence of behavior that would be habitual and insensitive to the outcome, as suggested by the hierarchical decision-making theory (Dezfouli et al., 2014; Keramati and Gutkin, 2013) . For example, the goal-directed choice of going to the bar to get a drink, may lead to an automatic sequence of drinking glasses of alcohol, one after the other, until the dawn. The smell of the smoke can elicit a smoking desire (conscious or unconscious) which can then trigger a motor program leading to the action of smoking (Keiflin and Janak, 2015) . Once the decision of smoking is made, breaking the sequence is very hard because every action naturally and logically follow the previous one, without further deliberation. Accelerated propagation of dopaminergic prediction error signal in striatal spiraling loops following drug exposure could participate to bias hierarchical decision-making to "low level" automatic sequences of drug-related actions (Keiflin and Janak, 2015; Keramati and Gutkin, 2013) .
Drug effects on sequence learning have received little attention in the field of habit and SUD, but one study from Zapata and colleagues provides some insights (Zapata et al., 2010) . In this study, rats were trained to self-administer cocaine according to a seeking/taking chained schedule. To obtain an injection of cocaine, rats had to make one lever press on the "drug-seeking" lever followed by another lever press on the second "drug-taking" lever. To investigate the sensitivity to outcome devaluation, responding on the drug-taking lever was extinguished after short and extended training. During the test, performance on the drug seeking lever was measured in absence of drugtaking lever. It was shown that responding on the seeking lever was reduced after short training, but maintained after extended training. Although the results can be interpreted as a transition to habitual drug seeking with extended drug access, alternative interpretations were proposed (Holmes and Clemens, 2011) . Chunking of the drug-seeking and drug-taking responses may have occurred during extended training, and since the outcome of the full sequence remains valued (cocaine is not devalued), the seeking response persists despite the devaluation of the middle link in the chain. Thus, insensitivity to devaluation of the taking response with extended cocaine access could result from sequence learning, which provides some support for the hierarchical decision-making theory. Although this theory is appealing to explain the intricacy of goal-directed and habitual control in real-life decisions, further studies are needed to determine the effect of drug exposure on hierarchical decision-making, and the place of imbalanced decision hierarchy in the development of SUD.
Impairment of goal-directed control
The multiple studies discussed above converge to demonstrate an imbalance between habit and goal-directed control in SUD, with a bias toward more habitual drug-seeking behaviors. Does this imbalance result from an abnormal formation of habit, an impairment in goal-directed decision-making, or both? Since habit is defined in most models as a negative result, it is difficult to directly answer this question. Positive evidence that exposure to drugs of abuse increases the formation of S-R association are still missing because models used to investigate habit typically do not assess this specific question. Notably, two studies in humans have addressed this question and suggest that substance use disorders are associated with impairment of goal-directed control rather than accelerated formation of habit (McKim et al., 2016; Sebold et al., 2014) . But whether or not abnormal habits are involved, habitual learning is probably not the only process at stake in this imbalance. Indeed, numerous studies suggest that goal-directed control can be impaired during SUD, particularly when decisions involve the pros and cons of drug abstinence. This cognitive impairment likely participates to tilt the balance toward habitual control of drug seeking behavior.
SUDs are associated with a wide range of changes in cortico-striatal circuits which can lead to impairment of several executive functions (Baler and Volkow, 2006; Barker et al., 2015; Everitt and Robbins, 2016; . In this framework, drug-induced dysfunction in the orbitofrontal cortex (OFC) has received growing interest over the last decade (Lucantonio et al., 2012; Schoenbaum et al., 2016) . Indeed, numerous neuroadaptations have been reported in the OFC after chronic exposure to drugs of abuse. At a structural level, decrease in gray matter concentration has been reported among cocaine users (Ersche et al., 2011; Franklin et al., 2002) . The degree of gray matter reduction was correlated with compulsivity, as measured by the compulsive drug use scale, and the duration of cocaine dependence (Ersche et al., 2011) . Abnormalities in frontal white matter have also been described for alcohol, cocaine, opioid and methamphetamine dependent patients (Bae et al., 2006; Bühler and Mann, 2011; Lyoo et al., 2004) . In human, binge drinking is associated with disturbed dendritic complexity in higher-order prefrontal regions (Morris et al., 2017) , and in rodent, chronic exposure to psychostimulants (DePoy and Gourley, 2015) and withdrawal from ethanol (McGuier et al., 2015) decreases and increases dendritic spine density of OFC neurons, respectively. After chronic alcohol exposure, electrophysiological and molecular changes have been found in primates and rodents (Laguesse et al., 2016; Nimitvilai et al., 2017 Nimitvilai et al., , 2016 . At a functional level, OFC is hypoactive during cocaine use as indicated by a general decrease in glucose metabolism (London et al., 1990; Volkow et al., 1990) . In contrast, this same region is hyperactive during early period of drug abstinence and this increased in activity is correlated with the intensity of drug craving (Volkow et al., 1991) . Finally, protracted withdrawal from cocaine or methamphetamine is associated with hypoactive OFC, correlated with a decrease in D2 receptors in the striatum (Volkow et al., 1993) .
A series of elegant experiments in rodents demonstrated the critical role of OFC in model-based control Gremel and Costa, 2013; Schoenbaum et al., 2016 Schoenbaum et al., , 2011 . These studies show that OFC is required for guiding behavior on the basis of information about expected outcome, specifically when such information must be derived from the structure of the environment. The Pavlovian over-expectation task provides a good demonstration of OFC function, and cocaine associated deficits. In this task, rats first learn that several cues predict reward delivery. Then, in a second phase, 2 of the cues are presented together in compound, followed by the same reward. This results in an increase in responding reflecting higher reward expectation due to a process defined as summation. In the last probe test phase, cues are presented separately and without reward. Responding to the isolated cue is now lower compared to a control cue not involved in compound training. This task involves predictions about outcomes and operations on these simulated predictions (summation). Interestingly, inactivation of OFC during the compound phase suppressed the summation effect, and the reduction of responding during probe test trials, demonstrating the role of this region in predictions of future outcomes . It was shown that chronic cocaine exposure disrupted these same behaviors in the over-expectation task, and these cocaineinduced deficits were restored with an optogenetic excitation of OFC neurons during the compound phase (Lucantonio et al., 2014) . These results strongly suggest that OFC-mediated model-based behavior can be impaired in SUD. This impairment could explain the poor performance of drug addicts in a gambling task involving real-life decisions based on uncertain reward and punishment (Balconi et al., 2014; Bechara et al., 2002 Bechara et al., , 2001 Bechara and Martin, 2004) .
Additional evidence of impaired goal-directed behavior in SUDs comes from a study investigating the relation between deficits in modelbased control and the occurrence of symptoms from psychiatric disorders involving or not a compulsive component (Gillan et al., 2016a) . Using a dimensional approach, this study shows that indexes of eating disorders, impulsivity, obsessive compulsive disorder (OCD) and alcohol use disorders are associated with lower reliance on model-based learning. A factor analysis reveals that deficit in model-based control is associated with a symptom dimension involving "compulsive behavior and intrusive thought", suggesting that impaired goal-directed behavior would be a good trans-diagnostic symptom of psychiatric disorders involving clinical compulsions (Gillan et al., 2016b) .
Impaired model-based goal-directed control may explain drug addicts' difficulty in considering future negative consequences of drugrelated behaviors and could bias choices toward more immediate drug gratifications (Bickel et al., 2012; Camchong et al., 2011; Kirby et al., 1999; Madden et al., 1997) . Furthermore, certain situations or contexts can prompt individuals to express habit, and failures in response inhibition could then interfere with individual's ability to exert goal-directed control over that habitual responding. The relation between SUD and deficits in inhibitory control is well documented in the literature (Baler and Volkow, 2006; Morein-Zamir and Robbins, 2015) . For example, alcoholics (Noël et al., 2007) and stimulant-dependent individuals (Ersche et al., 2012; Monterosso et al., 2005; Morein-Zamir et al., 2013 ) exhibit higher motor impulsivity, defined as poor inhibitory control associated with deficits in the ability to withhold prepotent responding. In rodents, abstinence from chronic alcohol or Δ9-THC exposure is associated with increases in motor impulsivity, as indicated by higher premature responding in the 5-choice serial reaction time task (Irimia et al., 2015a,b; Walker et al., 2011) . In addition, several studies demonstrated that motor impulsivity can precede and predict subsequent drug self-administration (Dalley et al., 2007; Diergaarde et al., 2008; Economidou et al., 2009) , suggesting that it could constitute a vulnerability factor for SUD (Dalley et al., 2011; Morein-Zamir and Robbins, 2015) . Impaired response inhibition in substance use disorder is generally thought to reflect reduced self-control resulting from prefrontal cortex dysfunctions (Baler and Volkow, 2006; Goldstein and Volkow, 2012) . This reduction in topdown cognitive control can dampen goal-directed control and create opportunity for impulsive habit expression. Accordingly, motor impulsivity measured with the Barret's impulsivity scale has been selectively associated with a deficit in goal-directed control in an outcome devaluation paradigm (Hogarth et al., 2012) , and in the sequential 2-stage task (Gillan et al., 2016a) .
All the studies described above highlight the strong relation between SUD and poor decision-making that could result from deficits in the goal-directed system associated with impaired inhibitory control. Importantly, motor impulsivity has been directly associated with deficits in goal-directed control, a correlation fitting well with the idea of an imbalance between goal-directed and habitual behavior; impulsive "habitual" actions are prompted by the situation rather than selected based on an evaluation of their predicted consequences, and deficits in response inhibition can disrupt an individual's ability to exert goal-directed control over this habitual responding.
Conclusion
Under non-pathological conditions, goal-directed and habitual processes operate in parallel and complement each other to control decision-making and performance ( Fig. 2A) . Repetition and practice in stable situations promote the formation of habit, but in situations that warrant deliberation, such as changes in environmental contingency, individuals can re-exert goal-directed control over habit to flexibly adjust their responding. Thus, transitions between habit and goal-directed control are bidirectional and the control of behavior by these two systems can be balanced. This balance is disrupted in SUD as a result of abnormal formation of habit (Fig. 2B) , deficits in goal-directed behavior (Fig. 2C) , or a combination of both (Fig. 2D) . The main objective of this review was to tease apart these processes to determine their relative contribution to SUD. In this last section, we will consider each of these 3 possibilities.
Overreliance on the habit system in SUD (Fig. 2B) is often suggested to explain the power of drug-associated cues to trigger drug seeking behaviors, as a consequence of S-R associations Robbins, 2016, 2005; Robinson and Berridge, 1993) . However, it is important to highlight that evidence that habits rely on S-R associations are in most cases indirect. In addition, from a theoretical perspective, drug habits alone are not sufficient to explain compulsive drug seeking. Indeed, for an abnormal habit to persist in face of negative drug consequences, drug addicts must also have difficulty re-exerting goal-directed control over their habitual drug seeking behavior (Ostlund and Balleine, 2008) . In other words, drug addicts should be unable to overcome or inhibit habit in situations that warrant deliberation. This implies a deficit in goal-directed control and makes the first possibility unlikely (Fig. 2B) .
The idea of a deficit in goal-directed control is appealing to explain the puzzling paradox of drug pursuit despite disastrous negative consequences, a hallmark of SUD. It would be interesting to demonstrate that drug addiction is associated with persistent habit under conditions that should encourage a transition to goal-directed performance, for example by showing, in reinforced sessions, persistent responding for a drug that became aversive after CTA-induced devaluation (Ostlund and Balleine, 2008) . To our knowledge, this effect has not yet been demonstrated but persistent reward seeking after reversal or quinine adulteration in animals chronically exposed to cocaine (Calu et al., 2007; Stalnaker et al., 2009) or alcohol (Hopf et al., 2010; Lesscher et al., 2010) respectively, suggests a deficit in goal-directed control over habit and provides some support to this hypothesis.
In this conception, the imbalance between habit and goal-directed systems in SUD cannot only be explained by abnormal habit, but also results from deficits in goal-directed systems. Indeed, the evidence reviewed above suggests that goal-directed control is impaired after chronic drug exposure and in SUD, leaving us with the second and third possibilities ( Fig. 2C and D) . According to the "disrupted self-control" account, habit would not be abnormally strong but would be expressed more frequently as a result of impaired goal-directed and inhibitory control. Drug seeking responses are prompted by the situation rather than rejected based on an evaluation of their predicted consequences, because the goal-directed system is disrupted. According to this view, drug addicts would persist in habitual drug seeking despite negative consequences because they fail to predict and consider these negative outcomes, even though they know about their existence. In addition, when engaged in habitual drug seeking behavior, drug addicts would have difficulty re-exerting goal-directed control over their behavior because of failures in inhibitory control.
Whether or not the habit system is promoted during substance use disorder is a question difficult to answer. Since habit is defined as an S-R association but mainly operationalized as an absence of outcome representation, current models used to tackle this question cannot demonstrate the reliance on habit per se. For example, in the devaluation paradigm, insensitivity to outcome devaluation after drug exposure can result from the formation of habit, but may also reflect a deficit in goaldirected behavior. One study focused on formation and expression of S-R associations demonstrated that drug addicts learn new S-R associations as well as control subjects but are specifically impaired in overcoming well-learned S-R associations (McKim et al., 2016) . These results suggest that formation of habits is not promoted in SUD but their expression is more resistant to changes in environmental contingencies. This inflexibility in habitual responding can result from a deficit in response inhibition (i.e. the ability to exert goal-directed control over existing habit). Another experiment in alcohol-dependent patients used a computational approach to separate model-based and model-free components of decision-making, and obtained findings suggesting that chronic alcohol use selectively impairs goal-directed function with little effect on habit (Sebold et al., 2014) .
Of note, exposure to drugs of abuse induces long lasting neurobiological changes in the neural circuitry proposed to underlie goal-directed and habitual responding. Exposure to drugs of abuse induces changes in several brain regions proposed to underlie habit such as the Fig. 2 . Disentangling abnormal habit from deficits in goaldirected control in substance use disorders. A. Balanced control of performance in non-addicted individuals; Repetition and practice promote the formation of habit but in situations that warrant deliberation, such as changes in environmental contingency, individuals can re-exert goaldirected control over habit to flexibly adjust their responding. B. According to the first model, the imbalance between goal-directed and habitual control in SUD would result from accelerated formation of abnormal and strong drug habits without deficit in goal-directed behavior C. According to the "disrupted self-control" model, habit would not be abnormally strong but would be expressed more frequently as a result of impaired goal-directed and inhibitory control. D. The "pathological habit" model posits that impairments in goal-directed control combine with abnormal habit formation to promote compulsive drug use in SUD.
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Progress in Neuropsychopharmacology & Biological Psychiatry 87 (2018) 22-32 dorsolateral striatum, Substantia Nigra pars compacta, and the central amygdala Jedynak et al., 2007; Koob and Volkow, 2016; Lingawi and Balleine, 2012; Ron and Barak, 2016) and habitual responding in SUD is associated with hyperactivity of putamen, the human homologue of rodent dorsolateral striatum (de Wit et al., 2012; Dolan and Dayan, 2013) . In addition, regions involved in goal-directed behavior, such as dorsomedial striatum, basolateral amygdala, OFC and prelimbic cortex (Balleine and O'Doherty, 2010; Hart et al., 2014) are also altered after chronic exposure to drugs of abuse (Chen et al., 2013; Jedynak et al., 2007; Koob and Volkow, 2016; Laguesse et al., 2016; Lucantonio et al., 2012; Nimitvilai et al., 2017; Ron and Barak, 2016; Wang et al., 2012; Wassum and Izquierdo, 2015) . Converging evidence suggests that development of addictive behaviors is associated with a shift at the neural level from prefrontal cortical to striatal control as well as a progression from ventral to more dorsal parts of the striatum (Belin et al., 2009; Corbit et al., 2012; Corbit and Janak, 2016a; Robbins, 2016, 2005) . Although these neural transitions and the concomitant alterations in goal-directed and habit circuits support the 3rd possibility (Fig. 2D) , further behavioral evidence is needed to dissociate between the 2nd and 3rd possibilities and determine whether formation of habits is promoted or not in SUD.
The development of additional animal models could facilitate tests for the involvement of habit in SUD. In an attempt to develop new models that probe the S-R association basis of habits, one suggestion is to place more emphasis on the influence of stimuli on instrumental responding (Corbit and Janak, 2016a) . Although the role of context in the associative structure of habit has been recently demonstrated (Thrailkill and Bouton, 2015) , the stimuli in instrumental procedures used to study habit in rodent remain poorly defined; demonstrating that behavior relies on S-R associations is therefore challenging. Providing salient, explicit and predictive stimuli in instrumental procedures could influence performance (Corbit and Janak, 2016b) , facilitate the formation of habit, as assessed by outcome devaluation or contingency degradation, and could provide for additional measures to estimate the formation and expression of S-R associations, for example, the response latency from stimulus presentation (Keramati et al., 2011) . Another related approach to demonstrate S-R habit would be to use reversal tasks to probe the S-R association, by changing the S-R contingency while preserving the R-O contingency and outcome value. Defining the measures specifically assessing the formation or expression of S-R association in reversal tasks will require further research, as reversal tasks also depend upon goal-directed control to adjust behavior to changing conditions . Finally, adaptation to rodents of procedures used in humans to measure S-R responding and/or modelfree vs model-based behavior, as reviewed earlier, could be a valuable avenue for exploration.
In summary, thus far, extensive research focused on the involvement of habit in SUD has demonstrated an imbalance between goaldirected and habitual control of drug seeking behavior. A growing body of research indicates impairments in goal-directed behavior system associated with impulsivity, compulsivity, and SUD, which presumably participate to tilt the balance toward habitual drug seeking. Whether abnormal formation of drug habits themselves also contribute to addictive behavior remains an open question that perhaps can be better addressed with new paradigms designed to assess habit as a positive result, i.e., the formation of S-R associations, rather than as an absence of outcome representation. While some efforts have been made to directly assess the formation and expression of S-R association in humans (de Wit et al., 2012; McKim et al., 2016 ), a refinement of our animal and human models of habit is needed to precisely define the place of habit in SUD and develop appropriate neurobehavioral treatments.
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